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Abstract
Epoxy films have been used as protective coatings in many electronic packages.
Blistering is a type of mechanical damage that occurs with these protective coatings that
can lead to the electrical failure of an Ie package. It is believed that the blisters form
when a region that contains a delamination between the film and the substrate is
subjected to a compressive stress that is large enough to cause the film to buckle. The
compressive stress is generated when the system is exposed to an increase in temperature
. and/or when moistlire diffuses into the materials. Because there is a mismatch in the
coefficients of expansion, compressive stresses build up in the film when these
phenomena take place. If these stresses exceed the critical buckling stress, the film will
buckle. Once buckling occurs, loading at the tip of the delamination can propagate crack
growth.
In the present research, an analytical model of the buckling process and the
determination of the loading at the crack tip has been examined. In addition to the
analytical model, finite element modeling was used to directly link the buckling behavior
of the film with the strain energy release rate and the corresponding phase angle at the
crack tip. Using this finite element analysis, predictions for delamination growth under
various environmental conditions were examined for different geometric configurations.
The research shows that the analytical predictions closely match the finite element
solutions for plane strain conditions, however the· axisymmetric case yields larger
differences between corresponding solutions.
Chapter 1
Introduction
1.1 Thin Films and Electronic Packaging
One of the most important types of damage that occurs in electronic packages is
corrosion. Because the electrical components in Ie packages are quite tiny, very small
amounts of corrosive damage can result in the complete electrical failure of the package.
To protect against such damage, thin epoxy coatings are used in electronic packages to
prevent the device from being subjected to damaging corrosion. The coatings generally
are around three to five microns in thickness. With these protective thin films coating the
device, failure of the device due to corrosion will result only if there is a preceding failure
of the protective film. One of the most common types of mechanical damage that occurs
in thin films is blistering. If blisters form and grow large enough, the electronic failure of
the chip may result. Figure 1.1 shows a schematic of a cross section of a protective film
covering a chip along with an image of a test chip.
1.2 The Physical Problem
Figure 1.2 is an image of the physical problem that is investigated in this research,
blisters. The image is that of a test chip which had been used by Jong Wo Park, another
researcher at Lehigh University. The chip was used to do a statistical analysis of the
electrical properties of the chip when the chip was subjected to various environmental
conditions. This student obtained the images shown in Figures 1.2, 1.3, and 1.4, and his
work can be found in [1]. A thin film, which is 3 to 5 microns thick, is covering the chip
in these images.
2
Moisture and or Heat Diffusion
Substrate
Figure 1.1
Figure 1.3 shows what results when the blister forms within the areas of the
metalization lines. In this image, the metalization lines have restricted the blister growth
until the blister appears to burst. This obviously resulted in the electronic failure of the
chip.
1.2.1 Formation of the Blister
As a result of the manufacturing process, the surface of the substrate contains very
small defects. Because a perfect surface can never be created, these defects will always
be present regardless of how carefully the substrate is manufactured. When the epoxy
film is deposited onto the substrate, the defects that are present can create small regions
3
where there is a weak adhesive bond between the film and the substrate. It is also
possible that the defects can cause an area where the film and the substrate are
completely debonded.
Figure 1.2
4
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Figure 1.2
Figure 1.3
Working electronic packages are regularly exposed to inconsistent environmental
conditions. The relative humidity can vary from zero to one hundred percent, and the
operating temperature of the chips can be much greater than room temperature. As a
result of these extreme conditions, the packages are constantly exposed to stresses
generated by changing temperatures and moisture contents. Thermal stresses are created
because the film and the substrate have different coefficients of thermal expansion
(CTE). The film has a much higher CTE than the substrate. This means that as the
temperature of the system is changed, the volumetric change of the film will be greater
than the volumetric change of the substrate. Therefore, the substrate restricts the film
from fully expanding or contracting, which results in the generation of stresses within the
film. Moisture diffusion into and out of the film will have the exact same effect. The
film has a greater coefficient of hygroscopic expansion (ClIE) than the substrate, which
5
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Figure 1.3
Working electronic packages are regularly exposed to inconsistent environmental
conditions. The relative humidity can vary from zero to one hundred percent, and the
operating temperature of the chips can be much greater than room temperature. As a
result of these extreme conditions, the packages are constantly exposed to stresses
generated by changing temperatures and moisture contents. Thermal stresses are created
because the film and the substrate have different coefficients of thermal expansion
(CTE). The film has a much higher CTE than the substrate. This means that as the
temperature of the system is changed, the volumetric change of the film will be greater
than the volumetric change of the substrate.. Therefore, the substrate restricts the film
from fully expanding or contracting, which results in the generation of str'es;;es within the
film. Moisture diffusion into and out of the film will have the exact
film has a greater coefficient hygroscopic expansion (eRE) than the suIJstrat,e,
once again means that the film will expand and contract more than the substrate will.
Stresses are created when the substrate restricts the expansion and contraction of the film.
As a result of the thermal and moisture generated stresses described above, a
delamination can form between the film and substrate where weak adhesive bonds, which
are a result of the substrate defects, are present. In addition to the interfacial stresses that
result from the moisture diffusion and thermal loading, moisture can diffuse into voids
that may exist between the film and substrate, which may induce a pressure loading on
the film. The pressure loading may also contribute to the formation of the initial
delamination.
Once a delamination exists, blistering may occur. It is commonly known that thin
films usually are in a state of residual tension after they are cured at high temperatures
and then lowered down to room temperature. As described previously, when the film
cools, it contracts more than the substrate contracts; The restriction of this contraction by
the substrate on the film results in a residual tensile stress in the film. However, it is
quite easy to overcome this residual tension. If the temperature is again increased and
moisture diffuses into the system, the film will attempt to expand. Once again, the
substrate restricts this expansion. With the addition of the expansion as a result of the
moisture diffusion, the residual tension can be overcome, and the stresses in the film can
change to a state of compression.
Blisters form when the film is subjected to high compressive stresses. If the
compressive stress in the film becomes large enough, the film covering the delaminated
6
region can buckle away from the substrate, and a blister can be formed. Figure 1.4 is one
final close up look at the results if the above process takes place.
In the unbuckled configuration, the stresses at the tip of the delamination are not
conducive to any type of delamination growth. However, if the film buckles, and the
blister is formed, there exists a much more complicated loading at the end of the
delamination which very well may cause the delamination to grow.
Figure 1.4
1.3 Analytical model
Initially, the analytical model used appears quite simple. The geometry is simply
that of a clamped plate of thickness h and radius (axisymmetric) or half-length (plain
7
strain) b. Obviously, h represents the film thickness and b represents the half of the
initial delamination size or crack length. The necessary stresses for the buckling of
clamped plates can be found in many texts on elastic stability or in texts on plates and
shells. The stresses that are induced by the expansion of the materials due to a
temperature change or due to moisture diffusion can be easily calculated, and a critical
buckling temperature change, t1Te, or a critical percent moisture concentration, LiMe, can
be found. Difficulties arise in the post buckling analysis. A nonlinear approach must be
taken to determine the loading at the crack tip after buckling has occurred. The analytical
model and approach is discussed in detail in Chapter 2 and the finite element implications
are outlined in Chapter 3.
1.4 Paper Review
Many papers have been written analyzing numerous variations of this problem,
ranging from aspects of interfacial crack problems to aspects of buckling problems. In
general, the approaches are quite similar. Research has been done studying buckling and
delamination growth for different types of geometric configurations. Various techniques
have been used to study the post-buckling behavior and to study the fracture mechanics
involved in such problems. Closed form, asymptotic, numerical and finite element
solutions have been used to study these problems. A very brief summary of previous
work in this area follows.
Studies on thin film cracking and interface cracking have been performed in [2-7].
A crack lying along one interface on an elastic sandwich structure is analyzed in [2]. The
work yields a universal relation between the actual interface stress intensity factors at the
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crack tip and the apparent mode I and mode IT stress intensity factors associated with the
corresponding problem for the crack in a homogenous material. Thin film cracking for
coatings under residual tension are studied in [3], where the film contains a straight cut
through the film to the substrate which is long compared to the film thickness. The
possibility of decohesion as a result of the crack and the loading configuration is also
examined in the paper. Similar work was done in [4], which now allows for a straight cut
through the film that does not necessarily reach the substrate, however decohesion is not
considered. A semi-infinite crack in an infinite strip of orthotropic material is analyzed
in [5]. The research gives expressions for mixed-mode stress intensity factors. Further
work on films in residual tension was done by [6]. The research not only continues to
study a cut film, but also considers substrate cracking and interface debonding. A semi-
infinite crack between two infinite isotropic elastic layers under general edge loading
conditions is studied in [7], where the basic solution can be utilized for various useful
applications.
Using analytical methods, buckling and delamination growth has been, examined
by [8-12]. A two-layered circular plate with an initial penny-shaped delamination
subjected to a uniform compressive load was studied by [8]. The research includes
geometric nonlinearity in the model in order to determine the effect of post-buckling
stiffness on the delamination growth process. The energy release rate for a homogenous
orthotropic plate with a one-dimensional delamination was determined in [9] using the J-
integral. The research assumed that the plate has already buckled and that a post-
buckling analysis already has been performed. [10] used the M-integral to determine the
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energy release rate associated with unifonn expansion growth of a circular delamination
in a compressively loaded laminate that has buckled. Initial post-bucking and growth
behavior of delaminations in plates is studied in [11]. A combination of fracture
mechanics and post-buckling theory was used in [12] to study the mechanics of the
delamination and spalling of compressed films or coatings.
Finite element methods were used in [13-17] to analyze variations of the topic
studied in this research. A laminated plate with an embedded, initially circular
delamination, loaded in uniaxial compression is studied in [13], where the post-buckling
and crack growth behavior is emphasized. A finite element scheme using nonlinear plate
theory was used in [14] to study the subject of frictionless contact in a buckled
delamination. A two-dimensional finite element analysis was perfonned in [15]
analyzing a buckling-driven, initially circular, delaminated thin film loaded in bi-axial
compression. Once again,a non-linear finite element fonnulation of the plate problem is
used to model the film in the work. Interface crack growth is studied in [16]. Cracking
and decohesion processes that accompany a residually stressed thin film on a substrate
have been investigated in [17] using a finite element method. In the research, a linearly
varying load across the thickness of the film is used and the possibility of kinking is
considered.
The research referred to above barely scratches the surface of the work that has
been done which is similar to the research perfonned here. In regards to electronic
packaging, a few studies have been perfonned considering moisture and thennal damage,
although the majority of the work primarily concentrates on diffusion studies through thin
10
films. The above references can lead to many more papers that may be of interest. Of
particular interest to this research is the work done in [18]. The paper puts together
current analytical work and su~arizes the recent findings on all sorts of variations of
subjects pertaining to the fracture of layered materials.
11
Chapter 2
Analytical Formulation
2.1 Introduction
The analytical approach that was taken in this research to be compared to the
finite element solution mirrors quite closely with the model used by the authors in [18].
The paper referred to was chosen as the guidelines for the analytical approach because
the work itself is a review of all the recent research on the fracture of layered materials,
including material on the buckle-driven delamination of thin films. Therefore, the model
used here is widely accepted as currently the best analytical representation of the
phenomena studied in this research. In the following sections, the analytical solution ,for
an analysis at the crack tip of a buckled film is reviewed.
2.2 (;eomnetry
The geometry used to model a thin film coating an infinitely deep substrate is
quite simple. All materials are assumed to be homogenous, isotropic, and linearly elastic.
The materials have Young's modulus Ei and Poisson's ratio Vi. Let the subscript of 1
denote the properties of the material on top, in this case the film, and a subscript of 2
denote the properties of the material on the bottom, in this case the substrate. Figure 2.1
shows a schematic of the geometry used. The film is assumed to·behave as a clamped
plate of thickness h. The initial delamination size is 2b. The residual compressive stres~
is taken as ao' tfN and M are the change in resultant force and the moment per unit length
respectively. Figure 2.1 (a) shows the film in the unbuckled configuration, Figure 2.1 (b)
shows the buckled configuration, and Figure 2.1 (c) shows the loading at the crack tip
12
after buckling has occurred. Note that when the film is in the unbuckled configuration,
the delamination (crack) will not grow, regardless of the size of the residual stress.
However, when the plate buckles, mixed mode loading obviously occurs at the crack tip,
and the possibility of crack growth exists.
z
2b
UNBUCKLED
Figure 2.1 (a)
2b
BUCKLED
Figure 2.1 (b)
CRACK TIP LOADING
Figure 2.1 (c)
2.3 Interfacial Crack in a Bilayer
2.3.1 Introduction
Before one can do a fracture analysis for the crack tip of a buckled thin film on an
infinite substrate, an understanding of a general interface crack must first be established.
The authors in [18] have examined the solution to the interface crack in a bilayer. The
following sections outline the solution as obtained by the previous reference.
2.3.2 Dundurs' Parameters
As was shown by [19], many problems of elasticity for bimaterials depend on two
combinations of elastic moduli known as Dundurs' parameters. These parameters appear
in the solution for the interfacial crack in a bilayer and will be briefly described here.
Figure 2.2 shows two, isotropic elastic materials joined along the interface. In this
sketch, E j is Young's modulus, vds Poisson's ratio, and J.li is the shear modulus. Once
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again, let the subscript of 1 denote the upper material and the subscript of 2 denote the
lower material. For plane strain, let
K i =3-4v i and (2.1)
and for plane stress, let
K. = (3-v i ) and E E
I (l+v) i == i
Dundurs' parameters are then
(2.2)
{3 =J.ll (K2-1) - J.l2 (K1 -1)
J.ll (K2+1) +J.lz (K1 +1)
(2.3)
Note that a can be written as
(2.4)
These non-dimensional parameters, a and {3, are then used to characterize the
behavior of bimaterials. If there is no mismatch, then both a and {3 tend toward zero.
The parameters switch signs when the material properties are switched; If one material is
much stiffer than the other one is, then a will approach + 1 or - 1. For more information
on the behavior of Dundurs' parameters, consult [19].
tx, Material # 1Eh V" III
•
Ez, V2, 112 Xl
Material # 2
Figure 2.2
2.3.3 Geometry for a Loaded Bilayer with an Interfacial Crack
14
Figure 2.3 shows a cross section of an infinite bilayer with a half-plane crack in
the interface. The displacements and tractions are'continuous along the interface beyond
the crack tip. ' The forces and moments per unit width are as indicated in the drawing.
Note that (i22 =(i12 =0, hence a crack along the interface has no effect on the stress field
[7]. The neutral axis is a distance f1h above the bottom of the second material where .1,
as shown by [7], is
where
A=1+ 2L1] + L1]2 ,
21]{l+L1])
(2.5)
~ _ E1 _I+a
.t.I-~---
E2 I-a
and h1]=-
H
(2.6)
h
Figure 2.3
2.3.4 The Energy Release Rate and the Stress Intensity Factor
Using the solution technique outlined by [7], an expression for the energy release
rate for Figure 2.3 was shown by [18] to be
(2.7)
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where A and I are dimensionless quantities defined by
To determine mode mixity for the loading, the complex stress intensity factor,
K == K1 + iK2 , takes the form
Here, i = H ,and V, U, and r are defined by the following:
(2.9)
V= 1
12(1 + ~1]3) (2.10)
(2.11)
ris restricted such that Irl::;~ for definiteness [7]. e is known as the bimaterial
constant,
e =_1In(1- 13)
2n 1+ 13
p* and M* are a mixture of the specified loading,
(2.12)
and M* =M1 -C3M 3 ' (2.13)
where Cl, Cz, and C3 are the geometric factors:
LC=-
1 A C=~(.!.+.!.- Ll)2 I 1] 2
16
LC =-
3 121 (2.14)
The OJ, which appears in (2.9), is an angular quantity that is a function of
11, a, and {3. Details on the derivations of (2.10), (2.11), (2.13), and (2.14) and the
behavior of OJ can be found in [7].
2.4 Approximation for a Thin Film on an Infinite Substrate
2.4.1 Introduction
Now that the necessary relations for an interfacial crack in a bilayer are known,
the solution can be used for the specialized case of an infinite substrate, as is the
approximation used in this research. In this case, it is assumed that h«H. In addition, it
is reasonable to approximate that P2, M2, P3, and M3 in Figure 2.3 are zero if material # 2
is assumed to be infinite. The procedure that follows assumes that the film has already
buckled and that the loading at the crack tip as seen in Figure 2.1 (c) is now in place.
Moreover, if one compares Figure 2.1 (c) with Figure 2.3, one will note that -&I = PI and
M =MI. An analysis of the buckling effect and the determination of how &I and M
depend on the loading will follow later.
2.4.2 The Energy Release Rate, the Stress Intensity Factor, and the Phase Angle
Substituting -LiN =PI, M =MI, P2 =P3 =M2 =M3 =0 and (2.1) into (2.7), one
gets,
G =1-v~ (!1N 2 +12M 2 ) •
2E1 h· h
3
With a little algebraic manipulation, (2.15) can be changed into,
17
(2.15)
(2.16)
The stress intensity factor can be found in a manner very similar to the energy
release rate. Substituting -&I =PI. M =Mj, and P2 =P3 =M2 =M3 =0 into (2.13), one
finds that p* =Pj =-&Iand M* =Mj = M. Because h«H, it is reasonable to say that 1] =
O. Therefore, using (2.10), it is obvious that U = 1 and V =1/12. Finally, it becomes
apparent from (2.11) that y= 0 if the preceding conclusions are true. Making these
substitutions for y, U, V, P*, and M* into (2.9), an expression for the stress intensity factor
can be found for the interfacial crack between a buckled thin film and an infinite
substrate.
(2.17)
Some simple algebra can change (2.17) into the following expression:
(2.18)
Finally, an expression for the phase angle, which is an inclication of the mode
mixity of the loading, can be obtained. Any text on fracture mechanics will explain that
the phase angle lfI can be determined from the following relation:
(2.19)
The value of lfI ranges from 0 to 90 degrees, which indicates how much of the
loading is in mode I and how much of the loading is in mode II. When lfI is 0 degrees,
the loading is purely mode 1. When lfI is 90 degrees, the loading is purely in mode n.
Under mode I loading conditions, the crack tip is subjected to a load that causes opening
18
at the crack tip. Under mode II loading conditions, the crack tip is subjected to a shearing
load. Following [18] 1JIis defined using the film thickness h as the reference length 1.
From (2.18), the real and imaginary parts of KhiE can be easily found to be:
. ~(I-a) -3(MVh JRe(Kh 'E ) =- 2 h 2 ~ cos(m)-M sin(m)
1- f3 ",12
. l(l-a) -'(MVh JIm(Kh 'E )=- 2 h 2 ~sin(m)+Mcos(m) .
1- f3 ",12
Therefore,
() mMcos(m) +hMVsin(m)tan 1JI =-=,.-----.:..---=-----....;.--.,;-
- mM sin(m) + hMV cos(m)
(2.20)
(2.21)
(2.22)
Equations (2.16), (2.18), and (2.22) are in complete agreement with the energy
release rate, stress intensity factor, and phase angle expressions found in [18] for the
interface crack on the infinitely deep substrate. Note that the elastic mismatch between
the film and the substrate comes into play through m(a,f3,1J).
2.5 Post-buckling Analysis
2.5.1 Introduction
Looking at (2.16), (2.18), and (2.22), there are two unknowns yet to be
determined such that the solution can be analyzed. These two unknowns are the liN and
the M. The determination of these two variables requires knowledge about the
compressive loading in which the film is subjected and an understanding about the post-
buckling behavior of a clamped plate. As was explained earlier, the compressive.1oading
arises from a mismatch in expansion coefficients and will be analyzed in Section 2.6.
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The post-buckling behavior can best be represented by the use of von Karman nonlinear
plate theory and will be examined in Section 2.5.3.
2.5.2 Plate Buckling
Many texts have been written which explain how and when buckling occurs. In
short, buckling is a catastrophic failure that occurs in objects such as beams, columns,
plates, shells, etc. Buckling occurs when the object is subjected to a large compressive
load. The object supports the load without any major deformation until the so-called
critical load is reached. Once this critical load is attained, the object fails
catastrophically. Solutions have been obtained which correctly predict the critical load for
objects of various geometric shapes with various boundary conditions, including the
clamped-clamped wide plate and the clamped circular plate. The two types of plates
mentioned in the previous sentence are used in this research to model the thin film.
For the clamped-clamped wide plate, the critical compressive stress, ac, has been
derived in many elementary texts on plates and shells and has been found to be
(2.23)
Here, h is the thickness of the plate and 2b is the length of the plate. The solution for the
critical load for the clamped circular plate can also be found in many different texts and is
E (h)2a c = 1.2235--2 - •I-v b
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(2.24)
Once again, h is the thickness of the plate where as b is the radius of the plate. It should
be noted that the critical stresses in (2.23) and (2.24) correspond to the first buckling
mode.
2.5.3 Von Karman Nonlinear Plate Theory
The von Kannan nonlinear plate theory can be found in many advanced texts on
solid mechanics or on nonlinear elasticity or on plates and shells. Plate theory in the
classical sense goes on the assumption that the deflections are small when compared to
the thickness of the plate, hence the strains in the middle surface due to the deflection of
the plate can be neglected [20]. However, the von Kannan formulation takes into
account the strains of the middle surface of the plate that result from deflection. This
means that the expression for CiJ in the von Kannan formulation includes higher order
nonlinear terms. The resulting equations for CiJ, for u, v, w being the x, y, and z
displacements respectively, as shown in [21], are as follows:
(2.25)
Further analysis of the plate using the" above expressions for Cij leads to a set of
governing equations that more accurately describes the behavior of a plate and takes into
account the possibility of large deflections. These two governing equations, known as
the von Kannan plate equations, are as follows:
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4 EhV F=--L(w,w)
2
and DV4w= L(F, w)+q . (2.26)
F is defined similarly to the well known Airy stress function in terms of the forces Nx, Ny,
and Nxy, such that
(2.27)
The operator L in (2.26) is defined as
(2.28)
Also in (2.26), q is distributed loading, E is the modulus of elasticity, h is the plate
thickness, and D is the bending rigidity defined as
(2.29)
Using (2.26), expressions for F and w can be found, which in turn can be used to
determine Nx, Ny, Nxy, Mx, My, and Mxy. The expressions for the Ns and the M's are
found during the derivation of the plate equations and are as follows:
N Eh (au av awaw]
xy = 2(1 +v) ay +ax + ax ()y
22
a2wM =-D(1-v)-
xy ax()y (2.30)
The governing equations can easily be transformed into cylindrical coordinates in
order to model circular plates as well. For a detailed derivation of the von Kannan plate
equations, see [21].
2.5.4 Wide Euler Column Solution
2.5.4.1 Plate Analysis
Two cases were studied in this research, the plane strain case, and the
axisymmetric case. The plane strain case would correspond to the one dimensional or
straight-sided blister. The authors in [18] modeled this blister by using a wide Euler
column as a clamped plate. Recall that the expression for the vertical deflection of the
plate, W, and expressions for the crack tip loading,· &l and M, to be used in the
previously discussed equations for the energy release rate, (2.16), and phase angle, (2.22),
are the desired results from this analysis. The following is of summary of this solution.
Using t~e sign convention indicated in Figure 2.1, let the y displacement be V(y)
and the z displacement be W(y). When the film is not buckled, there is a compressive
pre-stress in the film defined as (1xx =(1 yy =-(1. To reiterate, this pre-stress arises from
a volumetric change as a result of an increase in temperature or an increase in moisture
content. The mismatch in the expansion coefficients yields the compressive stress in the
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film. Obviously, for plane strain, (J zz =O. Von Karman plate equations are then solved
using the boundary conditions for a fully clamped plate.
At Y =±b, V =W =0 and (2.31)
Let Nx and Ny be the resultant stresses, such that the changes in the resultant stresses from
the unbuckled to the buckled configuration are as follows:
(2.32)
The resulting strain components from the stress loading in (2.32) can be observed to be:
(l-V[)MV y
e =-----'-
y Eh
1
and since ex = 0, (2.33)
In the limiting case of the situation as shown in the model in Figure 2.1, ey can be
determined from (2.25) and My can be determined from (2.30) to be
av 1 aw 2
e =-+-(-) andyay 2ay . M =D
a2w
y al (2.34)
It is also reasonable to state that M = My and LW = LWy. Thus from (2.32), (2.33), and
(2.34), a link between the vertical deflection, W, the compressive stress (J, and the
unknown loads liN and M from the fracture analysis has been established. Proceeding to
then solve the von Karman plate equations will yield the deflected shape of the plate, as
shown in [18],
(2.35)
The compressive loading comes into play through the ~, which appears in (2.35), and is
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(2.36)
Note that qp = W(O) = 8, where 8 is the deflection of the center of the plate, or at y = O.
The moments and loads can then be found by using (2.35) with (2.30), and the M and fiN,
which was the objective of the plate analysis, are found to be:
and (2.37)
2.5.4.2 Plane Strain Fracture Results
Everything is now known to examine the crack tip behavior for the plain strain
model. Substituting the results in (2.37) into (2.16), the expression for the energy release
rate, G, becomes:
(2.38)
The subscript off is now used for properties pertaining to the film. This equation can be
greatly simplified to show how G depends on the applied load, G. Making the
appropriate substitutions into (2.38) for D, Gc, and g, as they are expressed in (2.29),
(2.23), and (2.36), a more telling expression for G can be obtained.
(2.39)
Following the exact same procedure, the phase angle, lJI, can be determined.
Substituting (2.37) into (2.22), lJIis found to be
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n2Dh~ 3hDn2~2
12 2 cos(m) + 2 sin(m)
2b 4b
tan(lf!) =-----"-~-""""'7---__"_:_--~--~dn2Dh~I (3hDn2~21
-,,1\ 2b 2 tin(m)+ 4b2 tos(m)
Simplified, (2.40) becomes
() 4cos(m)+.J3~sin(m)tan If! =--....:..-.;~--==----.,;..~
- 4sin(m) + .J3~ cos(m)
2.5.5 The Circular Plate Solution
(2.40)
(2.41)
The circular blister can be modeled by assuming the film behaves as a clamped
circular plate. In this case, the crack length, 2b, is now representative of the diameter of
the plate. A closed form solution to this axisymmetric case with the von Karman plate
equations is no longer possible, so either an asymptotic solution or a numerical solution
to the governing equations must be used. The authors in [18] performed both solu;tion
methods, and found that the asymptotic solution is a reasonable approximation for
compressive loads up to about three times the critical buckling load. The asymptotic
solution as performed by [18] is presented here.
2.5.5.1 Plate Analysis
Let r, normalized by b, be the distance from the center of the plate, W(r) be the
vertical deflection, and N,(r) be the resultant in-plane stress. Once ~gain, the plate is
subjected to a pre-stress a, = - a. As was the case in the plane strain problem, the change
in the resultant stress from the unbuckled to the buckled configuration is
W r (r) = Nr (r) + ah. The measure of the rotation, ¢(r), is the following:
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~6(I-V~) dW
f/J(r)="":""'--h-- dr
The equations of equilibrium are then:
d ( df/J) f/J b2rf/J
- r- --+-(ah-tiNJ=O
dr dr r D
(2.42)
(2.43)
(2.44)
The relations for M and MI, which will be used in the expressions for the energy release
rate and the phase angel, can be found to be:
M = Dh ( df/J) and tiN =(tiN, ),=1' (2.45)
b2~6(I-V;) dr ,=1
The preceding set of equations, as found by [18], can then be solved numerically or
asymptotically with the following conditions. At r =0,
f/J=O dtiN, = 0 (2.46)dr
At r =1,
f/J =0
d(rMl,)
-vftiN, =0 . (2.47)dr
The asymptotic solution performed by [18] leads to the following solution. An expansion
of the deflection, W(r), was put into the form;
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(2.48)
Similar to the plane strain solution, ~ = 8/h, where 8 is the deflection of the center of the
plate. ~ is related to the loading by,
1 ( (J J~= --1
0.2473(1 +Vf) + 0.2231(I-v~) (J c
In (2.48), WI was found to be,
WIer) =(0.2871 +0.7129Jo(3.8317r))h
Jo(x) is a Bessel function of the first kind of order zero.
2.5.5.2 Axisymmetric Fracture Results
(2.49)
(2.50)
As stated earlier, the asymptotic solution matches quite well with the numerical
methods solution to about three times the critical buckling load [18], hence the numerical
methods solution was not studied in this research. The asymptotic results for the energy
release rate and the phase angle are:
2.6 Stress Analysis
cos(w) + 0.2486(1 +vf)~ sin(m)
tan(1f/) =-------=-----
. -sin(m) + 0.2486(1 +Vf)~ cos(m)
(2.51)
(2.52)
Normally, thin films are in a state of residual tension after the film has been
deposited. The following assumes that the film has been subjected to enough moisture
and or has been risen to a high enough temperature such that the film is in a state of zero
stress. Given this state, the temperature is raised further or more moisture diffuses into
the system resulting in an expansion of the materials. Epoxy films generally have larger
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expansion coefficients for both moisture and temperature diffusion than the silicon
substrates used in microelectronic packaging. Therefore, the film will attempt to expand
much larger than the substrate will expand. However, the substrate restricts this
expansion in the film, which results in a axial misfit strain Eo.
Let m be the expansion coefficient for the material. This could either represent
the thermal coefficient of expansion, a, or the hygroscopic coefficient of expansion, {3.
Both behave exactly the same, and are interchangeable in the following expressions.
Similarly, let L1A represent the increase in temperature, tiT, or the percent moisture
content change, tiM.
The magnitude of the misfit strain is
(2.53)
Obviously, the resulting residual stress is then
(2.54)
In these relations, the subscript of frepresents the film and a subscript of s represents the
substrate. The misfit strain magnitude and the residual stress both are biaxial [6].
Equations (2.53) and (2.54) are the same relations utilized by the authors of [6] in their
study of film cracking.
A critical buckling temperature increase or moisture increase can now be obtained
by equating (2.54) with (2.23) and (2.24), and by solving for L1A. The following relations
result. For the plane strain case,
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(2.55)
For the axisymmetric case,
(2.56)
2.7 Analysis of the Analytical Solutions
In summary, the following solutions, as obtained by [18], are examined here. For
the plane strain case, which models the one-dimensional blister, the expressions for the
energy release rate, the phase angle, the deflection, and the buckling load are:
() 4cos(w) +.J3g sin(w)tan 1fI = r;; ,
- 4sin(w) +'\I3g cos(w)
where the critical load, O'e, and the deflection amplitude, g, are:
(2.57)
(2.58)
or
Recall that W(O) =hg = 0.
(2.60)
Note that the role of the substrate comes into play in G, g, and 1fI through the
residual stress, 0', which is described by (2.54). The substrate's material properties also
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have an effect on lfI through m(a,f3, 1]) where a and f3 are Dundurs' parameters described
by (2.3).
As Can be observed in (2.57), G =0 when the load approaches the critical load.
This reinforces the claim that the crack will not advance until the film has buckled. In
addition, (2.60) shows that g=0 when the load approaches the critical load. Before the
critical loads, (2.57) and (2.60) mean nothing. (2.59) indicates that the thinner the film,
the smaller· the temperature change or moisture change that will be required to cause
buckling. Similarly, the longer the initial crack length, the smaller Me needs to be to
cause buckling. Also, the larger the difference between the expansion coefficients, the
smaller M needs to be to cause buckling.
For the axisymmetric case, which models the circular blister, the expressions for
the energy release rate, the phase angle, the deflection, and the buckling load are:
cos(m) +0.2486(1 +vf)g sin(m)
tan(lfI) = ,
- sin(w) +0.2486(1 +vf )g cos(m)
where the critical load, O"e, and the deflection amplitude, g, are:
(2.61)
(2.62)
E (hJ20"c = 1.2235--2 -I-v b or (2.63)
g_ 1 (~-1)
- 0.2473(l+vf)+0.2231(I-v~) O"c
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(2.64)
The general dependencies of these relations are the same as described for the
plane strain case above.
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Chapter 3
Finite Element Formulation
3.1 Introduction
Finite element code was implemented to solve the problem studied in this
research. Cubic, isoparametric elements were used for each analysis that was performed.
The solutions were then compared with results obtained from analytical approaches.
Because buckling problems are large displacement/deformation problems, nonlinear
approaches must be taken in the analytical solutions, as is described in Chapter 2. The
same holds true for the finite element approach. The code that was used in this research
required modifications to accommodate geometrically nonlinear problems. The solution
reduces to that of tracing a nonlinear load displacement path by solving a system of
nonlinear algebraic or differential equations [22]. In the code used for this research, the
Newton-Raphson method was utilized to solve the system of equations and a large
displacement formulation was implemented in the code. The finite element formulations
and solution techniques described in sections 3.2.2 and 3.2.3 are as outlined in [22].
The code used special interface crack tip elements alongside the large
displacement formulation to analyze post-buckling behavior simultaneously with
interface crack stress behavior. The interface crack elements utilized were enriched crack
tip elements. Due to the nonlinear nature of large displacement problems, it was
necessary to make modifications to ordinary enriched crack tip elements when dealing
with the transition elements. The modifications to the enriched crack tip elements and
the implementation of the large displacement formulation were performed by and tested
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by various researchers at Lehigh University who are mentioned in the
Acknowledgements..
3.2 Large Displacement Formulation
3.2.1 Introduction
The nonlinearity that arises in large displacement problems can be seen in the
definition of the strains. For small displacements, it is well known that strains are
defined as
(3.1)
This relation contains only linear terms. However, when the displacements become
large, a more complete relation for the Green strains must be considered. The complete
Green strains, which include some additional nonlinear terms, are shown in (3.2).
(3.2)
The nonlinear terms that appear in (3.2) can be neglected when the displacements are
very small. However, for large displacements, the nonlinear terms must now be
considered in the finite element formulation.
3.2.2 Finite Element Strain Modifications
Basic finite element principles explain that a finite element is defined by curved
boundaries and n nodes. The displacements of any point within the element can be found
with the following relation.
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u = [N N ...J:1}= lira
l' 2' 12 lVl (3.3)
The aj in (3.3) is a listing of the nodal displacements at a particular node i. The N's are
the well-known shape functions. Therefore, if the nodal displacements are known, the
displacement, u, at any point in the element can be found.
For plane strain and plane stress, the strains can be calculated by:
where
(3.4)
ax' aNi
--ax ax
ax' aNi
--ay ay
(ax' aNi +ax' aNi)ay ax ax ay
For axisymmetric problems,
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ay' aNi
--
ax ax
ay' aNi
--ay ay
(ay' aNi + ay' aNi)ay ax ax ay
(3.5)
where
ar' aNi az' aNi
----
ar ar ar ar
ar' aNi az' aNi
----
az az az az
ar' aNi ar' aNi az' aNi az' aNi
--+-- --+--
az ar ar az az ar ar az
(~)~; 0
(3.6)
(3.7)
As can be seen in (3.4) and (3.6), the higher order terms that appear in the strains
as shown in (3.2) are now included in B. Also, from (3.4) and (3.6), one can say that
3.2.3 Formulation
de =Bda. (3.8)
In a finite element analysis, equilibrium conditions must be reached. Using the
virtual work principle, the necessary equilibrium equations can be obtained. The sum of
external and internal forces is
f-T'P(a) = B adA- f =0 . (3.9)
Note that it is possible to say that B = Bo+BL (a), where Bo is the B matrix used in a
linear finite element case. Only BLCa) depends on a. This means that
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Taking variations on (3.9), one gets
d'¥ =fdB TerdA +fBTderdA =KTda
A A
KT will be defined later. It is also known that
der =Dds ,
where D is a matrix of elastic constants. For plain stress situations, .
(3.10)
(3.11)
(3.12)
1 v
ED=-- v 1
I-v2
o 0
and for plain strain and axisymmetric problems,
o
o
I-v
2
(3.13)
1 v 0
I-v
D=
E(I-v) v 1 0(l+v)(l-2v) I-v
0 0 1-2v
2(I-v)
Substituting (3.8), (3.10), and (3.12) into (3.11), one gets
where
(3.14)
(3.15)
and Kuda =fdB[ erdA .
A
(3.16)
Ka is known as the initial stress matrix or the geometric matrix, and is as follows. For
plane strain and for plane stress,
37
aNi 0
0 0 axaN; aNi Ux '!xy aNi0 0 0
K(j =f ax ay 0 Ux 0 '!xy ax dA, (3.17)
A 0 aNi 0 aNi '!xy 0 Uy 0
aNi 0
ax ay 0 '!xy 0 Uy ay
aNi0 ay
and for an axisymmetric case,
Therefore,
where Kr is the total, tangential stiffness matrix.
3.2.4 Nonlinear Solution Technique
aNi 0
ar
o aNi
ar
aN; 0 dA .
az
o aNi
az
Ni 0
r
(3.18)
(3.19)
To obtain the solution to a large displacement nonlinear problem, a small-step
incremental approach is taken. The solution for a small load is obtained. The load is
then slightly incremented as L1f, and the previous solution is used to converge on the next
solution until the final load and solution is reached. If the load increment is too large, the
resulting displacement will also be too large for the code to converge on the solution.
Furthermore, if the load increment is too large, an excessive amount of iterations may be
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required to converge on the solution. Trial and error was necessary to determine the
appropriate load increment size.
As usual in finite elements, force equilibrium is required. In terms of a
discretization parameter a,
'Pn+1 =P(an+1) - f =o.
The P(an+l) in (3.20) is the vector of internal forces, or,
p= JBTGdQ ,
n
and the fin (3.20) is the external forces given by
f =-J NTbdA - JNTidL- JBTDcodA +JBTGodA ,
A L A A
(3.20)
(3.21)
(3.22)
where b is the body force per unit thickness and i is the distributed external loading per
unit length given in the form of
and (3.23)
The Co and eTo in (3.22) are the residual strains and stresses. (3.20) starts at an
approximate equilibrium solution at
'Pn =0, and f =f n • (3.24)
The forcing functionfis incremented as
This will result in a change in a as
The a is what is required to obtain u (the solution) from (3.3).
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(3.25)
(3.26)
(3.20) can be rewritten as
where the superscript of i represents the iteration which starts from
The stiffness matrix corresponding to the tangent direction is then
K =oP =o'¥
T oa oa
The iterative correction is seen from (3.27) to be
.(3.27)
(3.28)
(3.29)
or ~_I =_'¥~+luan K 1 '
T
(3.30)
The steps for converging to the solution are as follows:
Given an and En from the previous equilibrium stepn,
1.
2.
3.
4.
5.
6.
7.
8.
The forcing functionjis incremented as in (3.25).
The matrix KT is set up with the appropriate Band K(j.
!J..j, .!J..an+1 =_n and (3.26) are calculated.KT
de and dO' are calculated using (3.8) and (3.12).
en+l =en +de and 0'n+l =an +dO' are calculated.
A new KT is set up with the new an+l.
'Pn+1 is then calculated using (3.20).
The correction is then calculated using (3.30).
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9. This correction is then added to the initial solution, an+! =an+! +Sa.
Steps 4 through 9 are continued until 'l'n+l becomes sufficiently small, meaning that a
solution for the current load increment has been converged upon. Once this has occurred,
u, along with all other pertinent information, can be computed.
3.2.5 Summary
The information in section 3.2.3 and section 3.2.4 can be found in [22] along,
with an explanation of cubic elements and modifications made to the enriched crack tip
elements. The enriched elements adjacent to the crack tip are of the linear formulation.
The next layer of elements is made up of elements known as transition elements. These
transition elements were modified to provide a smooth transformation from the linear
crack tip elements to the nonlinear surrounding elements.
3.3 Test Example: The Problem of the Elastica
3.3.1 Introduction
To test the nonlinear formulation implemented in the code, a geometrically
nonlinear problem with a closed form solution was chosen for comparison. The problem
chosen was that of the elastica. This problem was studied in [23], and the solution to the
cantilever beam is described in the following section. In elementary theory, when
straight beams are initially parallel to the x-axis, it is assumed that (dw/dxl is small. This
leads to two simplifications. One simplification is that the curvature can be approximated
to be Jw/~. The other simplification is that one can neglect the relative movements in
the x direction of the points of applications of the loads. These simplifications lead to a
linear problem, but only hold true when the deflections are small. However, if the
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problem is examined without making the previous simplifications, then the deformations
of the beam can be of any magnitude (providing the material is not overstrained), and the
problem becomes that of the elastica, or elastic line [23].
3.3.2 The Cantilever Beam
s
y
I-ox
Figure 3.1
~ x
ly •
.\
Consider the cantilever beam shown in Figure 3.1. It is assumed that the beam is
inextensible throughout this analysis. P is the vertical load applied at the end of the beam
of length I. As shown in [24], one can relate the curvature, p, with the moment, M, as
1 e M dlfJ
-=--=-=-
P y El ds
(3.31)
where E is the modulus of elasticity and 1 = BH3 / 12. From Figure 3.1, one can see that
M =P(l-x- &). Therefore, (3.31) gives
dlfJ =P(l-x-&)
ds El
or
d 2lfJ P dx
ds 2 =- £1 ds
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(3.32)
(3.33)
Examining Figure 3.1, one can see that cos(l/J) =dx. Substituting this relation into (3.33)
ds
and by letting a2 =!.- in (3.33), one gets
EI
(3.34)
Some simple integration of (3.34) and by use of the product rule, one can say
1 d (dl/J J2
-f- - ds=-a 2 sin(l/J)+C .2dsds .
Putting l/J =l/Jl and dl/J / ds =0 at s =Z, it can be shown from (3.35) that
~~ = ±a~2(sin(l/J,) - sin(l/J») .
(3.35)
(3.36)
Because dl/J/ ds is always positive, we take the positive sign only. Integrating (3.36) then
gives
~f 1 I
J dl/J = a.J2ds =a.J2Z .
o ~(sin(l/J1) - sinel/J)) [ (3.37)
The integral on the left-hand side of (3.37) can be converted to an elliptic integral if we
make the following obvious substitutions:
sin(8!) = lr,:;-.
kv 2
(3.38)
The substitutions of (3.38) into (3.37) yields
1r
u1 =J~ 1 dO =F(kl - F(k,O,l ,
8. l-e sin2 (8)
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(3.39)
where F(k) and F(k, el) are the complete and incomplete elliptic integrals of the first kind.
To calculate Oy, one can write the following after considering figure 3.1.
dy dl/J = dy = sin(l/J)
dl/J ds ds
Substituting (3.40) into (3.36), one gets
Integrating, (3.41) becomes,
Again substituting (3.38) into (3.42), one finds
n
Oy 1 22k2sin2(e)-1
-1 = al [~1-esin 2 (e) de
(3.43) may then be expressed in tenns of elliptic integrals.
Oy = ~[F(k) - F(k,e1) - 2E(k) +2E(k,et )]1 al
(3.40)
(3.41)
(3.42)
(3.43)
(3.44)
Here, F(k) and F(k, el ) are once again the complete and incomplete elliptic integrals of
the first kind, where as E(k) and E(k, el) are the complete and incomplete elliptic integrals
of the second kind.
&; can be found by substituting (3.32) into (3.36), and by setting x =l/J =O. This
yields
P(l- &;) = Ela~2sin(l/JI) or
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(3.45)
For a given ~l, one can determine k and £1] from (3.38). With k and 01, (3.39) can then be
used to determine ai. After ai is determined, one can use (3.44) and (3.45) to determine
8y and &. In this research, the calculations of F(k), F(k, £1]), E(k), and E(k, (1]) were
performed numerically using the technique outlined in [25]. Furthermore, once ai is
known, the P that is required to deflect the beam to the given ~l can then be deduced from
2 P
a =-.
EI
3.3.3 Comparison to the Finite Element Results
x
...
p
,
IIllI L
Figure 3.2
Using the finite element program, the model in Figure 3.2 was generated.
For this model, B =1 inch and H =1 inch, which means that I = 1/12 inches4• In
addition, L =50 inches, P =10000 lb., v =0.3, and E =30.0E06 psi for this analysis.
One hundred load increments were used along with a convergence criterion of 1O.0E-1O.
Plane stress conditions were stipulated.
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Figure 3.3
The deflected shape of the beam at the one-hundredth load increment is shown in
Figure 3.3. The results are plotted in Figures 3.4 and 3.5. As can be seen in the plots, the
results match quite well with the analytical predictions. There is less than a one-percent
difference in the &: solution, and the c5y solution is virtually identical to the analytical
solution. The difference could have resulted from the assumption used in the analytical
formulation that the beam is inextensible. A finite element analysis requires no such
assumption. In addition, there is a small amount of error in the numerical computations
of the elliptic integrals, particularly at higher loads.
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2(L-Sx)/L vs PL lEI
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3.4 Summary
In addition to the test described above, other researchers at Lehigh University
performed separate tests for other geometrically nonlinear problems with known
solutions. Results continued to be in great agreement with analytical predictions.
Therefore it is safe to assume that the large displacement formulation in the finite element
code is working correctly, and that the finite element solutions for problems with
unknown analytical solutions can be considered to be accurate results.
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Chapter 4
Finite Element Analysis and Results
4.1 Introduction
Using a finite element code which was modified to accommodate the nonlinear
formulation described in Chapter 3, analysis of various situations pertaining thin film
delamination relative to electronic packaging were performed. The first analysis assumed
that the film was in a state of zero residual stress. The temperature was then increased by
100 degrees Celsius, and the initial delamination size (crack length) was varied. The
second analysis again assumed that the film was in a state of zero residual stress, but
considered a percent moisture content increase of 3 % weight with different crack
lengths. The final analysis assumed that the film was initially in a state of residual
tension. The moisture content was then increased for various crack lengths.
A thermal analysis and a moisture concentration analysis were performed in this
research due to the relevancy to electronic packaging. In truth however, results are the
same regardless of the origin of the loading. Any similarly behaving compressive body
force loading applied to the system will always give the same results. The only
difference between the thermal analysis and the moisture analysis is the magnitude of the
stresses generated. As will be seen, the stresses generated from the moisture diffusion are
much greater than that of the thermal loading. Therefore, the results obtained from the
moisture analysis can be used to apply to any body force loading that generates similar
stresses.
4.2 Material Properties
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For most materials, it is common for the properties to change as a function of
temperature and moisture concentration. However, the finite element code that was used
in this research does not allow for variable material properties. Therefore, approximate
values for material properties were used in this research pertaining to the temperature
ranges considered.
Most electronic packages use silicon substrates. The epoxy coating that was
selected for this analysis was DER661/DDS. This epoxy was chosen because it has been
studied by other Semiconductor Research Corporation (SRC) researchers at Lehigh
University; hence the material properties and other characteristics were readily available.
In general, it was observed that many other epoxies possessed similar properties. A
research of current literature indicated that the properties of most epoxies were usually
within an order of magnitude of each other. Therefore, although DER661/DDS was
chosen for the particular examples in this research, these results can still be quite useful
when considering other epoxies. Table 4.1 is a table of the material properties used.
E(pa) v a. (per degree C) a(per % wt)
Si 1.299E+ll 0.279 3.30E-06 0
DER661IDDS 3.50E+09 0.35 4.50E-05 0.0025
Table 4.1
In table 4.1, E is the modulus of elasticity, v is Poisson's Ratio, a is the
coefficient of thermal expansion (CTE), and {3 is the coefficient of hygroscopic expansion
(CRE) in terms of relative change in length per 1% weight moisture absorption. The
properties for E, v, and a were obtained from [26] for silicon and· from [27] for
DER661/DDS. The CRE for silicon is assumed to be zero (no moisture diffusion
possible). The CRE for the epoxy was much more difficult to determine. As of 1995, as
50
is stated in [28], "no hygro-swelling coefficient data for epoxy molding compounds used
in electronic packages has been found in the literature." Similar problems were
experience during this research.
Currently, many studies are being conducted to research the effects of moisture
diffusion and swelling in epoxy resins. It is very difficult to measure the CRE because
many variables effect the magnitude of this number. Temperature, the number of
sorptions and desorptions, and the film thickness can all play a role in the amount of
swelling that occurs in the material. Considering information discovered on swelling as
found in [28], most materials of similar chemical compositions to epoxies posses aCRE
in the thousands ppm per % weight. In addition to [28], measurements were made in [29]
which indicate a range of CRE from approximately 1000 ppm to 2500 ppm for the epoxy
molding compounds studied in [29]. Other research gave estimates of around 1500 ppm
to 3500 ppm. Therefore, a {3 of 2500 ppm per % weight was selected for this research as
an average estimate of the CRE to be combined with the other known material properties
for DER661/DDS. An analysis of the effects of changing this value is done in Section
4.6.1.
4.3 Typical Finite Element Model
Figure 4.1 shows a typical finite element model in the deformed shape after an
analysis has been performed. All of the models were quite similar. The only differences
between the analyses were in the crack length and the loading. There is a minor variation
between the models when generating the meshes along the delaminated region to
accommodate differing crack sizes. All models contained three layers of elements in the
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delaminated area (the "plate" referred to the analytical formulation). A point refinement
was performed at the crack tip. Because of symmetry, it was only necessary to use half
of the model shown in Figure 4.1 for each analysis. Each model contained about 600
cubic elements and around 3000 nodes. In addition, each model contained a film
thickness h =0.005 mm (5 microns), substrate thickness H =0.015 mm, and substrate
length L = 1.6 mm. As mentioned above, the crack length, b, was varied for each model.
Typical values of b ranged from 0.05 mm to 0.15 mm.
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Figure 4.1
4.4 Normalization
For each analysis, various plots were constructed which required various
parameters to be non-dimensionalized. Throughout this analysis, the following
normalizations were performed. It was chosen for the crack length, b, to be normalized
by the film thickness, h, such that plots used b/h when pertaining to the crack length.
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Likewise, plots of the center deflection of the plate, 8, were normalized by the film
thickness, h, such that plots used 8Ih when pertaining to the center deflection.
To be consistent with the phase angle used in the model described in Chapter 2,
the phase angle lj), determined from the finite element analysis, was used in the
following equation.
lJI = lj) +eIn(h) (4.1)
Here, eis the bimaterial constant as described by (2.12), and reference length h is the film
thickness. Recall from Chapter 2 that h is the reference length used in the analytical
approach to define lJI. This relation matches the two phase angles.
For the energy release rate, G, it was chosen to normalize by
(4.2)
where
(4.3)
The value of 0'0 was selected to be the critical buckling load as calculated by (2.59) for
plane strain cases and as calculated by (2.63) for axisymmetric cases for blh = 100. This
results in Go = 1.19968E-08 N/mm for the plane strain case and Go =2.65556E-08
N/mm for the axisymmetric case. Therefore, GIGo was used for plots referring to the
energy release rate.
Also, please note that in all cases for plots of GIGo versus tiT, GIGo versus tiM,
P versus tiT, and 0/versus tiM, hundreds of data points are included in plot generation.
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However, only a few points are indicated with symbols. The rest of the data points are
shown as a curve. This was done so that it is easier to visually analyze the plotted data.
4.5 Steady State Thermal Analysis
The first analysis considered the effects of increasing the temperature of the
system by 100 degrees Celsius. An increase in 100 degrees simulates the state of the test
chip changing from the room temperature to operating temperature. Due to the thickness
of the materials, steady state conditions are reached fairly quickly. Therefore a uniform
temperature distribution was assumed. Both plane strain and axisymmetric analyses were
performed. In each case, a convergence criterion of lOE-lO was used along with 100
load increments. Before buckling, convergence occurred after about four iterations.
After buckling, approximately 20 iterations were required to converge on the solution due
to the fact that the displacements had become very large.
4.5.1 Plane Strain Case
For the plain strain case, Table 4.2 was considered. This table uses (2.59) to
determine what predicted temperature change is required to cause various initial
delamination sizes to buckle. The table indicates that a b/h ratio of 5 and 10 will not
buckle for ,1T = 100. Considering the dimensions of Figures 1.1, 1.2, 1.3, and 1.4, b/h
ratios of 10, 15,20,25 and 30 were considered in this analysis. The ratios that are higher
than a b/h of 25 were not studied because the critical temperature change becomes quite
small, and the initial defect becomes too large when one considers the physical
dimensions of the problem. Note that the dimensions of O'c are N/mm2•
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blh b(mm) O'c (N/mmI\2) ATc (C)
5 0.025 131.220 . 584.398
10 0.050 32.805 146.099
15 0.075 14.580 64.933
20 0.100 8.201 36.525
25 0.125 5.249 23.376
30 0.150 3.645 16.233
35 0.175 2.678 11.926
40 0.200 2.050 9.131
45 0.225 1.620 7.215
50 0.250 1.312 5.844
Table 4.2
4.5.1.1 Energy Release Rate
Four cases were run with blh ratios of 10, 15,20, and 25. Figure 4.2 shows a plot
of GIGo versus J1T for both the finite element solution and the analytical predictions as
calculated by (2.57) for four different crack lengths. One can note the buckling points by
observing where GIGo increase rapidly. Consistent with theory, GIGo remains very small
until buckling occurs. The buckling points of the finite element solution and the
analytical solution match very closely. The difference becomes larger for smaller initial
crack lengths. It appears that the analytical solution predicts a larger bucking load and
larger values of the energy release rate with a larger slope in the curve than the finite
element predictions. Note that despite the differences, the behavior of the curves relative
to each respective crack length is exactly the same. This can easily be seen by examining
the analytical curves and the finite element curves for blh values of 20 and 25. Both sets
of curves appear to intersect. It appears that once the film buckles, and the load continues
to increase, crack growth is inevitable.
55
10080604020
, , ,
, , ,
, , ,
................l..fj!Jjw .~!~IJ!~~~l~g!I!~~I! ~.-:-:::.. A!l.l!IY.t!~!.~g!~~.C!I! .
, , ,
, , ,
, , ,
, , ,
, , ,
, , ,
, , ,
, , ,
I • : : ' I.
: : : : ~ '/
, , , , r
................l _ ~ -_. - ~ ~ , ..
, , , '/
: : : : /
' : : : /
----blh=10 : : /
, '//
---...- blh= 15 : ~ I
.... ~ _-_ ~ _--_ ,~~~ .. - / .
-'-blh=20: :", ~
: :' /~blh=25: : //
, , /.
: : X" / ,
, : -: / ,~
: • , 1/ :
····_········_·-r············_···_~····_······.;!'···4 _·_·······-;{r .. ·· ..
, ,
, ,
, , ,.
: : .....
: ."
o
o
AT (Degrees C)
Figure 4.2
A plot of the energy release rate versus the crack length was also constructed for
various temperature changes. Figure 4.3 shows this plot. It can be observed from this
plot that the energy release rate appears to approach an asymptotic value when the crack
length becomes large enough for each particular temperature change. This could mean
that for a given temperature change, the crack will stop growing once it reaches a certain
length, providing the critical energy release rate is below the apparent asymptotic value.
56
30252015105
GIG vs bIb
o
-.- 40 Degree Temperature Change
---e- 60 Degree Temperature Change
~ 80 Degree Temperature Change
-+- 100 Degree Temperature Change
o
o
bib
Figure 4.3
4.5.1.2 Phase Angle
A plot of the phase angle, lIf, versus the temperature change was also constructed
in Figure 4.4. Both the finite element solution and the analytical predictions are shown
for three different crack lengths. Once again, the point at which the film buckles can
easily be observed from the plot and matches very closely with analytical predictions.
The analytical curves were calculated using (2.58), and the finite element solution was
accommodated using (4.1). An important parameter used in (2.58) is ro. This value was
estimated from tables given in [7]. The finite element curves before buckling occurs can
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be ignored because the corresponding energy release rate for these values is so small that
the phase angle has no meaning.
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4.5.1.3 Center Deflection
Figure 4.4
Figure 4.5 gives a plot of Mz versus L1T for various initial crack lengths. The plot
contains both the finite element solution and the analytical prediction as calculated by
(2.60). Obviously, as the temperature increases, the compressive load increases, and the
resulting buckling displacement increases. The analytical and finite element solutions
appear to match very well, although the analytical solution predicts a slightly larger
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displacement. This is consistent with the observation that t~e analytical solution also
predicts a larger energy release rate.
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4.5.2 Axisymmetric Case
For the axisymmetric case, Table 4.3 was considered. This table uses (2.63) to
determine what predicted temperature change was required to cause the delamination to
buckle. The table indicates that a b/h ratio of 5 and 10 will not buckle for fiT =100, as is
the case for a plane strain situation. Once again, considering the dimensions of Figures
1.1, 1.2, 1.3, and 1.4, b/h ratios of 10, 15,20, 25 and 30 were considered in this analysis.
The ratios that are higher than a b/h of 30 were again not studied because the critical
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temperature change becomes quite.small, and the initial defect becomes too large when
one considers the physical dimensions of the problem. When comparing the
axisymmetric buckling temperature changes with the corresponding plane strain buckling
changes, one notes that the axisymmetric case requires quite higher temperature changes
to initiate the buckle.
bib b(mm) O'C (N/mm/\2) ATc
5 0.025 195.202 869.349
10 0.050 48.801 217.337
15 0.075 21.689 96.594
20 0.100 12.200 54.334
25 0.125 7.808 34.774
30 0.150 5.422 24.149
35 0.175 3.984 17.742
40 0.200 3.050 13.584
45 0.225 2.410 10.733
50 0.250 1.952 8.693
Table 4.3
4.5.2.1 Energy Release Rate
Five cases were run with b/h ratios of 10, 15,20,25, and 30. Figure 4.6 shows a
plot of GIGo versus t1T for both the finite element solution and the analytical predictions
as calculated by (2.61) for five different crack lengths. As in the plane strain case, the
buckling points can be observed by examining where GIGo increases rapidly. Again,
consistent with theory and the plane strain case, GIGo remains very small until buckling
occurs. The buckling points of the finite element solution and the analytical solution
again match very closely. The difference becomes larger for s~aller initial crack lengths.
It appears that the analytical solution predicts a larger bucking load and larger values of
the energy release rate with a larger slope than the finite element predictions. This is
consistent with the results obtained for the plain strain model. Similarly to the plain
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strain case, it appears that the behavior of the curves match when comparing the finite
element and the analytical curves.
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A plot of the energy release rate versus the crack length was also constructed for
various temperature changes. Figure 4.7 shows this plot. It can be observed from this
plot that the energy release rate appears to approach an asymptotic value when the crack
length becomes large enough for each particular temperature change, as is in the plain
strain case. Again, this could mean "that for a given temperature change, the crack will
stop growing once it reaches a certain length, providing the critical energy release rate is
below the apparent asymptotic value.
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4.5.2.2 Phase Angle
A plot of the phase angle, lJ!, versus the temperature change can be seen in Figure
4.8. Both the finite element solution and the analytical predictions are shown for four
different crack lengths. Once again, the point at which the film buckles can easily be
observed from the plot and matches very closely with analytical predictions. The
analytical curves were calculated using (2.62), and the finite element solution was
accommodated using (4.1). As before, the value of m, which appears in (2.62), was
estimated from tables given in [7]. The finite element curves before buckling can be
ignored because the corresponding energy release rate for these values is so small that the
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phase angle has no meaning. Unlike the plane strain case, a significant amount of finite
element solution to analytical prediction mismatch can be seen in Figure 4.8, and will be
commented on in Section 4.8.
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4.5.2.3 Center Deflection
Figure 4.9 gives a plot of lYh versus .tiT for five initial crack lengths. The plot
contains both the finite element solution and the analytical prediction as calculated by
(2.64). Obviously, as the temperature increases, the compressive load increases, and the
resulting buckling displacement Increases. The analytical and finite element solutions
appear to match very well, although the analytical solution predicts a slightly larger
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displacement, and the difference is again larger than the difference shown in Figure 4.5
for the plane strain case. However, this is still consistent with the observation that the
analytical solution also predicts a larger energy release rate. In general, it appears in all
of the results that the analytical predictions for the axisymmetric case are not as good as
the predictions for the plane strain case. This difference will be examined in Section 4.8.
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4.6 Steady State Moisture Analysis
I
The second analysis considered the effects of increasing the percent moisture
content of the system to 3 % weight. An increase in 3 % simulates the state of the test
chip changing from a completely dry condition to an environment in which the humidity
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is much higher. Again, due to the thickness of the materials, steady state conditions are
reached fairly quickly, although the time to reach steady state also depends on what the
relative humidity is. In this analysis, it was assumed that the relative humidity was very
high. Therefore a uniform moisture concentration distribution was assumed. Both plane
strain and axisymmetric analyses were performed. In each case, a convergence criterion
of lOE-lO was used along with varying load increments. Before buckling, convergence
occurred after about four iterations. After buckling, approximately 20 iterations were
required to converge on the solution. The increase in iterations is indicative of the fact
that displacements become very large once buckling occurs.
The number of load increments required varied from 200 increments to 400
increments. More increments were necessary because (for the material properties chosen
for this analysis) the resulting stresses from changing from 0 to 3 percent moisture
concentration are much larger (approximately 50% larger) than the resulting stresses
from changing the temperature 100 degrees. This meant that for larger initial crack
lengths the load becomes much greater than the critical buckling load. This resulted in
displacements that were much larger than the displacements generated in the thermal
analysis. Therefore, many more load increments were required such that the solution
could be converged upon.
A moisture concentration change of 3 percent was considered because for many
epoxy resins, the equilibrium water content (EWC) in percent weight ranges from 2.5 to
3.5 percent. Like the CRE, it is difficult to assign a value of the EWC to a particular
material because it depends on numerous conditions, such as the film thickness, the
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temperature, and the number of sorptions .and desorptions. Much research has been
performed relating to the study of moisture diffusion in epoxy resins in which
information about the EWC can be found. Two such papers are [30] and [31], where an
EWC of about 3.42 % has been published for the epoxy studied these references. The
authors in [32] examined other DER epoxies and reported an EWC ranging from 2.98 %
to 3.45 %. Therefore, an EWC of 3 % is used as a reasonable value for the epoxy used in
this research, such that the analysis is performed on the model by generating stresses
from changing the percent weight moisture content from 0 to 3 percent.
4.6.1 Effects of the CHE
As was explained in section 4.1, the CHE that was chosen for this analysis was
determined by comparison with values that were reported in literature. Looking at (2.59),
the critical load (in terms 'of the change in moisture concentration) becomes smaller as the
difference in expansion coefficients becomes larger. Therefore, a larger CHE for the
epoxy coating.generates a greater stress in the film. This means that for epoxies that own
larger CRE values, a smaller change in moisture concentration is required to induce a
sufficient compressive stress that will reach the critical buckling stress. This can be seen
in Figure 4.10, which is aplot of L1Mc versus b/h for various CRE values for the plain
strain case. The plot indicates that the critical moisture concentration is fairly close for
different CRE values until small initial crack lengths are used. The difference then
becomes much larger. To be conservative, a CRE of 2500 ppm was chosen to represent
the epoxy for this research. However, it is likely that the actual CRE for DER661IDDS is
a little smaller.
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4.6.2 Plane Strain Case
Figure 4.10
For the plain strain case, Table 4.4 was considered. This table uses (2.59) to
determine what predicted percent moisture content increase is required to induce
buckling for given initial delamination sizes. The table indicates that a blh ratio of 5 will
not buckle, as is the case in the thermal analysis when considering the temperature range
studied in this research (see Table 4.2). However, unlike the thermal case, a blh ratio of
10 is no longer safe from buckling. Again, considering the dimensions of Figures 1.1,
1.2, 1.3, and 1.4, and considering the increased stress levels in a L1M = 3.0 when
compared to the stress levels generated by a t1T = 100, b/h ratios of 10, 12.5, 15, and 17.5
were studied.
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bib b(mm) O'c (N/mml\2 AMc(% wt)
5 0.025 131.220 9.748
10 0.050 32.805 2.437
12.5 0.063 20.995 1.560
15 0.075 14.580 1.083
17.5 0.088 10.712 0.796
20 0.100 8.201 0.609
25 0.125 5.249 0.390
30 0.150 3.645 0.271
35 0.175 2.678 0.199
40 0.200 2.050 0.152
Table 4.4
4.6.2.1 Energy Release Rate
Four cases were run with b/h ratios of 10, 12.5, 15, and 17.5. Figure 4.11 shows a
plot of GIGo versus AM for both the finite element solution and the analytical predictions
as calculated by (2.57) for four different crack lengths. As expected, the buckling points
are clearly made visible by observing where GIGo rapidly increases. Again, the buckling
points are very close to the analytically predicted buckling points, except for small initial
crack lengths. The behavior of this plot agrees with the behavior shown in the plain
strain model for the thermal analysis. This proves the repeatability of the plain strain
thermal observations which that the analytical solution predicts a larger buckling load and
higher energy release rates than the finite element predictions. Figure 4.11 also indicates
that tpe initial delamination will most certainly experience crack growth if the film
buckles and the load continues to increase.
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A plot of the energy release rate versus the crack length was also generated for
various moisture content levels. Figure 4.12 is this plot. From examining the behavior of
this plot, it is apparent that the over the range of crack lengths studied, the energy release
rate will continue to increase, which will cause the crack to continue to grOW. The
asymptotic behavior seen in the plain strain thermal case over a range of similar crack
lengths is not observed in this plot. This is because the stresses generated from moisture
diffusion are very much higher than the thermally generated stresses. The asymptotic
value that is seen in the thermal analysis will not be reached util crack lengths that exceed
the scope of this research are present.
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4.6.2.2 Phase Angle
A plot of the phase angle, 'IfI, versus the percent moisture content was generated as
well, and can be seen in Figure 4.13. Finite element results and analytical predictions
were plotted for four different crack lengths. Again, the buckling points are clearly
visible, and appear to match the analytical buckling points very closely. The analytical
curves were generated using (2.58), and the finite element solution was modified
according to (4.1). The parameter (J) is the same as what was used for the thermal cases.
Again,. the values of the phase angle as shown in the finite element curVes before
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buckling occurs are meaningless, because the corresponding values of the energy release
rate is essentially zero before buckling occurs.
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The center point deflection of the blister can be plotted against the percent
moisture content, and can be seen in Figure 4.14 for four different ~nitial delamination
sizes. The analytical solution is calculated using (2.60). The curves seem to match fairly
well, except for the b/h =10 curve. This deviation is also evident in Figure 4.11 and
Figure 4.13. The high deviation observed in these plots could be attributed to the
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possibility that the crack is now too small for the film to be modeled effectively using
plate theory.
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4.6.3 Axisymmetric Case
Table 4.5 shows the critical percent moisture contents for the axisymmetric case.
The table uses (2.63) to calculate ere and L1Me• The critical percent moisture content is
reflective of the increase in moisture content that is required to induce large enough
stresses to initiate buckling. It can be observed that for an increase of moisture content
by 3 percent, b/h ratios of 5 and 10 will not buckle. The plain strain case is different in
that it allows for buckling to occur for b/h =10. Once again, considering the dimensions
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of Figures 1.1, 1.2, 1.3, and 1.4, and by considering the stress levels and corresponding
displacements, blh ratios of 10, 12.5, 15, and 17.5 were used in this analysis.
bib b(mm) O'C (N/mm"2 Mic (% wt)
5 0.025 195.202 14.501
10 0.050 48.801 3.625
12.5 0.063 31.232 2.320
15 0.075 21.689 1.611
17.5 0.088 15.935 1.184
20 0.100 12.200 0.906
25 0.125 7.808 0.580
30 0.150 5.422 0.403
35 0.175 3.984 0.296
40 0.200 3.050 0~227
Table 4.5
4.6.3.1 Energy Release Rate
Figure 4.15 shows a plot of GIGo versus liT for four blh ratios. The plot shows
both the finite element solution and the analytical predictions. The analytical predictions
were calculated using (2.61). As can be seen in the plot, GIGo remains zero for blh = 10,
as is expected from Table 4.5. The buckling points for the other crack lengths are clearly
seen as the points at which the energy release rate begins to increase rapidly. The
analytical buckling points and the finite element buckling points are relatively close to
each other. As was the case for the other analyses, it appears that the analytical solution
predicts a larger buckling load and larger values of the energy release rate with a larger
slope than the finite element solutions indicate. The behavior of the curves, however,
appear to match.
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A plot of·the energy release rate versus the crack length was also constructed for
various moister content levels, and can be seen in Figure 4.16. From examining the
behavior of this plot, it is apparent that the over the range of crack lengths studied, the
energy release rate will continue to increase, which will cause the crack to continue to
grow. This is consistent with the plain strain case. The asymptotic behavior seen in the
plain strain thermal case and the axisymmetric thermal case over a range of similar crack
lengths is not observed in this plot. Again, this is because the stresses generated from
moisture diffusion are very much higher than the thermally generated stresses. The
74
asymptotic value that is seen in the thermal analysis will not be reached until larger crack
lengths present.
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Figure 4.17 is a plot of 'IfIversus the percent moisture content. Finite element and
analytical solutions are plotted on the same plot for three different crack lengths. The
crack ratio blh =1P was not plotted because it never buckled, hence the energy release
rate was zero, making the phase angle meaningless. Note that the phase angle is
meaningless for the other curves before the buckling point for the exact same reason.
The analytical curves were calculated using (2.62), and the finite element solution was
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made relevant using (4.1). Again the value of OJ, which appears in (2.62) was estimated
from tables given in [7], and the value used is the same as was used in the other analyses.
'I' vs aT
--:- Finite Ele~ent Solution
, ,
, ,
, ,
'P
(Degrees)
o
-20
-40
-60
-80
-.- b/h =12.5
.. --*- b/h = 15
---+--- b/h =17.5
o 0.5 1 1.5 2
aM (Percent Moisture Content)
Figure 4.17
2.5 3
4.6.3.3 Center Deflection
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The center deflection was plotted in Figure 4.18 versus the percent moisture
content for three different crack lengths. Note that the curve for blh = 10 remains zero
because the plate never buckles. The blh = 15 curve matches quite well with the
analytical curve, which was calculated using (2.64). There is a high deviation for blh =
12.5. This may be because of error induced from the plate theory used in the analytical
solution. This plate error will be further elaborated on in Section 4.8.
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4.7 Residual Tension Analysis
The final analysis is the most "real world" analysis performed. To obtain the
images shown in Figures 1.2, 1.3, and 1.4, the epoxy was cured at approximately 120
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degrees Celsius, which would then be considered to be the point of zero residual stress. It
is assumed that the moisture concentration in the film at this point is negligible. The test
chip was then cooled down to room temperature. The result of the chip being cooled to
room temperature is a stress field in the film that is tensile. The chip was then increased
to 85 degrees Celsius and subjected to an environment with 85 % relative humidity.
Before considering the moisture diffusion, this translates into the film being in a state of
residual tension corresponding to changing from 120 degrees Celsius to 85 degrees
Celsius, or a fiT of -35 degrees.
The strain resulting from a temperature change and the strain resulting from
moisture diffusion can be added to arrive at a net strain. Because of this fact and because
the strain depends linearly on the changes, it is possible to simulate the residual tension
effect by calculating a corresponding pseudo moisture concentration change that would
be necessary to produce the same effect as decreasing the temperature by 35 degrees.
This value can then be subtracted from the final moisture concentration value of 3 %
weight to siinulate the effectof the residual tension.
Using (2.54) the state of stress in the film can be calculated. For a temperature
change,
(4.4)
For a moisture concentration change,
(4.5)
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Equating (4.4) with (4.5), an equation can be found which relates the stress from a
temperature change to the equivalent stress from a moisture concentration change. This
relation is shown in (4.6).
(4.6)
Using the material properties for this research, an equivalent L1M can be
calculated with (4.6) for a AT = -35. This yields a L1M = -0.5838 %. This value is then
combined with the upper limit of the moisture change to simulate the effect of the
residual tension. This means a finite element analysis with a stress loading generated by
changing the percent weight moisture concentration from 0 % to 2.4162 % is equivalent
to changing the percent weight moisture concentration from 0 % to 3 % combined with a
residual tensile stress created from a AT = -35. Therefore, the results of the full moisture
analysis examined in Section 4.6 are applicable to represent this scenario. As expected,
the results of the analysis repeated perfectly with the Section 4.6 results.
Using the logic described above, a temperature can be calculated that corresponds
to a particular maximum stress state in the film. Using (4.4) and (4.5), a relation can
found which solves for the previously described temperature. With superposition, one
can say
(4.7)
where am is the desired maximum stress state. Substituting (4.4) and (4.5) into (4.7), one
gets
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(4.8)
Substituting the appropriate material properties along with L1M = 3 %, and by noting that
/1T =Tf - I; where Ti =120 degrees Celsius, the following relation can be found.
O"m +40.3846 N/ 2
T = /mm +120°C
f -0.22454N% 2
. mm
(4.9)
Implementing (4.9), a Tf can be calculated for a O"m = 0 N/mm2• This would
correspond to a temperature where the film would never be compressive regardless of the
moisture content. Solving (4.9), a Tf = -60 degrees is the "safe" temperature. In reality,
the worry is whether or not the film will exceed the critical buckling load for a particular
initial delamination size. The maximum initial delamination size used in this research
corresponds to a b/h of 30. The critical buckling loads can be calculated using (2.59) and
(2.62). For the axisymmetric case, O"c =-5.422 N/mm2 for b/h =30. Therefore, if one
lets O"m =-5.422 N/mm2 in (4.9), then Tf is found to be -35 degrees. For the plane strain
case, O"c =-3.645 N/mm2 for b/h =30, which yields a Tf of -44 degrees. Recall that these
values of Tf correspond to the maximum allowable temperature in which the film, which
was cured at 120 degrees, can be at if the film is remain below the maximum stress when
the film becomes fully saturated. Looking at these numbers, it appears that the film will
never be safe from buckling from saturation induced stresses under regular operating
temperatures.
4.8 Comments on Comparisons with Analytical Predictions
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Close examination of the plots for the three cases studied here reveals that the
plane strain predictions are much closer to the finite element calculations than the
axisymmetric predictions are. The cause of this difference most likely is because the
analytical solution for the axisymmetric case uses asymptotic methods to solve the
problem, as is described in Chapter 2 whereas the plane strain solution is closed form. As
was stated in [18], the asymptotic solution used works fairly well when compared to a
numerical solution up to about three times the critical buckling load. Therefore, in
addition to any error that previously existed, as in the plane strain case, error is increased
by the fact that an asymptotic method was used for the analytical solution. It can also be
observed from examining the plots that there is a larger amount of error for smaller
values of b/h. This is because that the smaller b/h becomes, the less the plate
approximation for the film becomes valid.
It may also be observed that there appears to be a major amount of error when
comparing the finite element solution for the phase angle with the analytical solution.
When considering the phase angle, a major amount of error could have resulted in
determining the .m(a,f3,1J) that appears in (2.58) and (2.62). This value was extrapolated
from a table given in [7]. Unfortunately, the table in [7] did not include the a value that
results from the material properties used in this research. Therefore, a major estimation
was necessarily made that certainly contributed to an increase in error. The value for (J)
used in this research, for a =0.94493 and f3 =0.21597, was m=1.0472 radians.
4.8.1 Rotation
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One of the major assumptions that is made in the analytical formulation for both
the plane strain case and the axisymmetric case is that the film is modeled as a
completely clamped plate. This means that there is no rotation at the end of the plate (at
the crack tip). Physically, this does not seem very likely. The finite element solution
needs not make any such assumptions.
r
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""-craCk Tip
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Figure 4.19
To examine if there indeed is any significant rotation, the displacements of the
nodes along a normal to the substrate surface taken at the crack tip was examined. Figure
4.19 shows a schematic of what is meant by the normal to the crack tip. Here, the crack
tip is taken as the origin. The diplacements of nodes that lie along this normal in a
typical model were then observed. Figure 4.20 shows a plot of the location of the
coordinates of the nodes that initially lied on the normal taken at the crack tip after
deformation had taken place. Note that the origin is in the center of the plot. The data
was taken from an analysis that used a b/h ratio of 20. It appears that there indeed is a
small amount of rotation. It is also apparent that the commonly known assumption that
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"plane sections remain plane" is also not inexorably true. However, also notice the scale
of the axis. Some may consider the displacements small enough that the "plane sections
remain plane" assumption and the no rotation assumption indeed will hold true. Before
making these presumptions though, one should remember that the film/plate is only 5
microns thick, in which case the displacements indicated in the plot may not seem so
small after all.
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Chapter 5
Conclusion
In this study, the problem of thin film blistering as related to semiconductor
integrated circuit (Ie) packages has been examined by modeling the system as a thin
plate and as an interfacial crack with an infinite substrate. An analytical model was
investigated, examining both axisymmetric and plane strain examples. The compressive
stresses in the film/plate were generated by either an increase in temperature, or an
increase in moisture content due to diffusion. The solution to the analytical model was
compared with finite element calculations generated by a code modified to accommodate
for nonlinear, large-displacement problems.
In general, it can be concluded that the analytical model accurately predicts plate
buckling and the ensuing interfacial crack problem. The plane strain model makes better
predictions than the axisymmetric model. However, the axisymmetric model physically
represents the blister process better than the plane strain model. As is explained in
Section 4.8, the axisymmetric model is slightly lacking in that a closed form solution is
not possible, whereas a closed form solution is available for the plain strain model.
However, the analytical model is limited when fully considering Ie packages. In
addition, both the plain strain and axisymmetric models cannot handle initial
delamination sizes in which plate theory is no longer applicable. The analytical model
also assumes a uniform, steady state stress field and constant material properties.
The finite element method is a much more accurate and versatile way to represent
the blistering process because the solution technique does not require the various
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assumptions used to simplify the analytical mode. Once the finite element code is
(
modified to accommodate nonlinear problems, solutions are easily generated. However,
due to the highly complex and nonlinear nature of the buckled film and interface crack
system in tenns of finite element and numerical methods, memory and CPU issues can be
a problem. In any case, solutions can be obtained using the finite element code which are
a much more accurate representation of the physical blistering process.
The results indicate that for thin films, which are about five microns in thickness,
initial delamination sizes that result in b/h ratios of over 20 will buckle quite easily. For
delamination sizes below this value, buckling is possible to about a b/h ratio of 5. This is
true of axisymmetric and plane strain cases. For typical IC· packages, a defect of that
results in a b/h ratio of 5 would be very difficult to detect before buckling would occur
because the delamination length is extremely small. Once buckling takes place, chances
are great that the crack would propagate, especially if the load continues to increase.
This is true of the materials used in this research. Of course, if materials are used for
which the differences in expansion coefficients are smaller, then the stresses generated
from the mismatch would be smaller, and larger initial delamination sizes would remain
safe from buckling. Also, when considering the residual tension analysis, if a larger
residual tension is present after cooling the epoxy resin down from the curing
temperature, then a larger temperature change and/or a larger amount of diffusion will be
required to cause the buckling. However, large tensile stresses in the film can lead to
other types of damage.
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Other types of physical issues involved with buckling problems in Ie packages
and not studied here, would be a potential pressure loading on the inside of the buckle,
transient diffusion processes, and variable material properties. However, the model
examined in this research remains a good general approximation to the problem at hand.
If the finite element code implemented in this research can be used to accommodate the
previously mentioned other loading types along with its current nonlinear capabilities,
then the finite element technique is clearly the easiest and quickest way to analyze the
effectiveness of different combinations of geometric configurations and material
properties relating to electronic integrated circuit packages.
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